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INTRODUCTION
Fe-based shape memory alloys are attracting attention as the third shape memory alloy system, following TiNi alloys and Cu-based alloys, which can be used in the practical applications [I-41 . The high strength and low cost of the Fe-based alloys are promoting them to be used for the large size shape memory devices, such as the fasteners of pipes. The flexibility of the alloy designing is also the point to be noted in these alloys. Such alloy performances as the workability, transformation temperatures, corrosion resistance and oxidation resistance are found to be accomplished by adjusting the chemical composition and selecting the appropriate processing procedures [5, 6] .
In order to design effectively the shape memory devices exhibiting the required high performances one needs the continuum mechanical framework which describes macroscopically the transformation and thermomechanical behaviors of the alloys under thermomechanical loading. The task of constructing the theory has to be strongly supported, before anything, by the accumulation of the experimental data in the shape memory alloys under many thermomechanical conditions. The present authors have been investigating the behavior in an Fe-9%Cr-5%Ni-14%Mn-6%Si polycrystalline shape memory alloy during thermomechanical loading . Emphasis was specially placed on such topics as the transformation lines, the hysteresis loops during cyclic loading and the subloops due to incomplete transformations. The alloy is revealed to have no temperature range of the pseudoelasticity. The thermomechanical loading, a mechanical loading followed by a thermal loading, is therefore necessary to realize the shape recovery. The transformation start stress and temperature depend strongly on the extent of prior transformations, which behavior is quite different from that observed in TiNi alloys and that predicted by the thermodynamic theories [12-141.
ALLOY SAMPLE, EXPERIMENTAL APPARATUS AND EXPERIMENTAL PROCEDURE
The alloy material was prepared by vacuum induction melting. After hot rolling, the plates were homogenized at 1323 K for 3.6 ks. Test specimen shown in Fig.l,6 mm in diameter and 20 mm in gauge length, was machined from the plate [lo] . Tests were carried out with a servo-hydraulic thermal fatigue testing machine equipped with a high frequency induction heater, with which both the mechanical and thermal cyclic loads were applicable independently in any form of time history. The tensile displacement was measured with a differential transformer, whereas the temperature of the specimen was detected with a platinum platinum-rhodium thermocouple spot-welded at the center in the gauge length.
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Before each experiment in this study, in order to obtain a stable data, each specimen was subjected to 4 of the following thermomechanical training cycles [7] : The specimen was first mechanically loaded to 4 % strain at RT, and was unloaded. Heating to 873 K under free-stress and holding for 600 s were then followed by cooling back to RT.
A thermomechanical loading applied to the specimen is, as illustrated in Fig.2 , composed of an isothermal mechanical branch, a loadinglunloading between the lower limit stress oh and the upper limit stress om, at a hold temperature Th, and a subsequent isostatic thermal branch, a heatinglcooling between the lower limit temperature Th and the upper limit temperature T, , under a hold stress oh. The martensite start stress oa was measured from the stress-strain output during the mechanical branch of cycling as a 0.05 % proof stress, whereas the austenite start temperature TA, and the austenite finish temperature T were detected as the points with zero-inclination on the strain-temperature curve during thermal brancfof loading. Figure 3 shows the stress-strain curves at the temperatures every 10 K from 303 K to 353 K . The nonlineality of the curves stems from the stress-induced martensitic transformation. For the loading paths of the type shown in Fig.2 one can draw the martensiticlreverse transformation startffinish lines in this alloy sketched in the stress-temperature plane (cf. Fig.4 ). It should be noted that the results of As and Af lines in 
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TRANSFORMATION START STRESSITEMPERATURE AFTER INCOMPLETE TRANSFORMATIONS
The martensite start stress ow and the austenite start temperature TAs after the incomplete transformations were revealed to depend strongly on the extent of the prior martensitic and reverse transformations as summarized in Figs.5 and 6. Figure 5 is obtained by measuring the martensite start stress after thermomechanical loading shown in Fig.2 with oh = 0 MPa, Th = RT and the different values of amax and T, , . The martensitic transformation is always incomplete, and so is the reverse transformation when T, , c Af (The same is true in the tests leading to Fig.6 ). The fine line in the figure shows the stress-"piast~c" strain curve during monotonic loading whereas the dotted curve connecting the yield stresses (the solid points) measured during successive loading-unloading-reloading. The difference between these two curves stems from the definition of the proof stress. The austenite start temperature given in Fig.6 is obtained for the thermomechanical load with omax = 300 MPa, oh = 0 MPa, Th = RT and the different values of Tmax.
The fine line denotes the monotonic dilatation curve during heating whereas the solid points stand for the austenite start temperature in a successive heating-cooling-reheating process. The two parameters, ( om, , c R ) or ( T, , , I ER), are necessary to determine the transformation start condition, where ER denotes the residual stran induced after the mechanical unloading or thermal cooling.
Similar alloy performance is observed in Cu-Zn-A1 and Cu-Al-Mn alloys [IS] , Cu-Zn-A1 alloy [16] , FeMn-Si alloy [17] and Fe-Mn-Si-Cr-Ni-Co alloy [18] . Paskal and Monasevich [19] , however, observed in the TiNi alloys that the martensite and austenite start temperatures are totally independent of the extent of the prior transformations in the process of thermal loadinglunloading under no applied stress. Tanaka el al. [lo] also confirmed the same phenomenon in a TiNi alloy in the pseudoelastic temperature range.
The thermodynamic prediction [12-141 claims different response in the shape memory alloys: The martensite start condition and the austenite start condition coincide to be a linear line, which is reduced, under the thermomechanical loading studied here, to a bi-linear line in the stress-strain-temperature plane sketched with a dotted line in Fig.7 . The present experiments correspond to the fine lines in the figure. According to thermodynamics of the martensitic transformations 1201 the transformation starts at a material point when the condition AG(a, T) = -Go is satisfied, where AG is called the driving force and o and T stand for the local stress and the temperature at the material point. The case Go = 0 corresponds to the above-mentioned thermodynamics prediction (the bilinear line in Fig.7 ). The present data can be qualitatively explained by assuming that the threshold value Go depends on the extent of the prior transformation [21, 22] . 
EFFECT OF HOLD STRESSITEMPERATURE ON TRANSFORMATION CONDITION
Assuming that the same value of the transformation strain G , -means the same extent of transformation, one can investigate the temperature-dependence of oMs with the use of the specimens which are pre-transformed to the same ET at a hold temperature Th. The results are plotted in Fig.8 for ET = 0.01, in which the data labeled by Th = 303 K are the same data labeled by omax = 300 MPa in Fig.5 . The hold temperature dependence of the transformation start stress is clear, and the hold temperature should be added to the third parameter, following omax and sR, to estimate OM,.
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To investigate the effect of the hold stress on the austenite start temperature, a reference state of transformation in the test specimen is assumed to be characterized by a value of the recovery rate R = (+ -eR) 1 + ; the rate of the recovery strain + -eR during reverse transformation to the transformation strain + induced during martensitic transformation. The results for the case of R = 0.72 are summarized in Fig.9 , which reveals evident dependence of the hold stress. The data are replotted in the stress-temperature plane to give a clearer view of the transformation lines (cf. Fig. lo) . The lines represent the austenite start line of the specimen which has experienced the reverse transformation to an extent specified by ER . They are linear and almost parallel, indicating that the curves in Fig.9 are displaced in parallel along the vertical axis. The lines shift to the low temperature side with the extent of martensitic transformation. 
STRESS-STRAIN-TEMPERATURE HYSTERESIS UNDER THERMOMECHANICAL CYCLIC LOADING
Under a thermomechanical cyclic loading composed of an isothermal loading/unloading and a subsequent isostatic heatinglcooling sketched in Fig.2 , a stress-strain-temperature hysteresis is observed. When the applied stress is controlled in the mechanical loading, a series of the hysteresis loops shown in Fig. 11 is obtained under the cyclic loading; om, = 350 MPa at Th = RT and T , , , = 873 K > Af under q-, = 0 MPa.
It should be noted that the reverse transformation always completes during heating. The hysteresis loop shifts to the higher strain side and changes its shape slightly during cycling. The drift of the loop is due to the accumulation of the dislocations at the defects scattered in the alloy [23] . Although the shape of the loop finally converges to a limit shape, the shift of the loop continues by a small amount cycle by cycle. This situation is different from the case of TiNi alloys, the hysteresis loop of which finally converges to a limit loop after about a hundred of cycling [24, 25] . Similar phenomenon is observed when the applied strain is controlled. Figure 12 shows a stress-strain-temperature hysteresis under a strain-controlled cyclic thermomechanical loading; E, = 0.03 at Th = RT and T, , , = 873 K > Af under nh = 0 MPa. Again the reverse transformation completes in the heating process. As in the case of the stress-controlled test shown in Fig.11 , the hysteresis never converges to a limit loop, at least up to 100 cycles of loading investigated. It continues drifting to both the higher strain side and the lower stress side. The shift is clearly illustrated in Fig. 13 which shows the increase in the residual strain after each cycle of thermomechanical loading. The tendency in the figure suggests that a limit shape of the hysteresis loop might be reached soon or later after a large number of cycles though it could still continue drifting. 
